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Abstract 
Ba2(Zn1-xMx)2O6-į (M = W, Nb) systems, where the oxygen vacancy concentration can be controlled by the Zn/M 
ratio, were found to have cubic double-perovskite-type structure for M = W and cubic perovskite-type structure for 
M=Nb. As it was found by thermogravimetry that the Ba2(Zn1-xMx)2O6-į samples can uptake the large amount of H2O, 
we expected that the adsorption of H2O may contribute to a generation of proton conduction. Then, the electrical 
conductivity was measured in dry and humid Ar atmospheres by the two-probe method. The electrical conductivity 
remarkably increased in the humid atmosphere, suggesting occurrence of the proton conduction. The numerical 
calculation of frequency dependences of dielectric constant (İr’) were successfully explained by the superposition of 
Debye-type polarizations and electrolyte-electrode interfacial. 
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1. Introduction 
Solid oxide fuel cells (SOFCs) which have the highest efficiency among the various fuel cells, were 
attracted a great deal of attention as promising systems for electrical power generation because of the high 
conversion efficiency of chemical energy to electric power. Furthermore, SOFCs have the advantage of 
the use of various fuels such as hydrogen, and hydrocarbon with or without reforming. The stabilized 
zirconias with fluorite-type structure, which are a typical electrolyte of SOFC, require the high operation 
temperature of 1173-1273 K to ensure sufficient ionic conductivity [1]. The perovskite-type oxides (ABO 
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3) having the high oxide-ion conductivity have also been expected to be electrolytes of the devices such as 
SOFCs, solid oxide electrolysis cells (SOECs), and oxygen sensor, etc. On the other hand, the new 
electrolytes having the high oxide-ion conductivity are desired for the SOFC working at the low 
temperature. Proton conductor has attracted much attention as an electrolyte of SOFC working at 
intermediate temperatures. 
It is well known that some perovskite-type oxides based on BaCeO3 exhibit high proton conductivity 
under hydrogen containing atmosphere [2-3]. However, since BaCeO3 shows rather poor chemical 
stability in CO2 and H2O vapor, it is not stable for the practical use. In contrast, BaZrO3 is rather stable in 
CO2 or H2O containing atmospheres, but has relatively low proton conductivity [4]. 
The purpose of the present study is to synthesize new compounds Ba2(Zn1-xMx)2O6-į (M = W, Nb) 
having brownmillerite-(A2B2O5) to perovskite-type composition (A2B2O6) for the oxide-ion and proton 
conductors. 
2. Experimental 
2.1. Sample preparation 
Powder samples of Ba2(Zn1-xMx)2O6-į (M = W, Nb) systems were synthesized by a solid-state reaction, 
using BaCO3 (99.9%, Wako Pure Chemical Industries), ZnO (99.999%, High Purity Chemical), WO3 
(99.99%, High Purity Chemical), and Nb2O5 (99.9%, High Purity Chemical) as starting materials.  
Weighed powders were wet ball-milled for 24 h, using a milling pot made of synthetic resin and resin-
coated balls, and ethanol as a dispersion reagent. The dried powder mixtures were calcined at 1273 K for 
10 h in air. After sieving under 53 μm in mesh size, the powder samples were uniaxially molded under the 
pressure of 5 MPa and then subjected to rubber press under 200 MPa. The compacts thus obtained were 
sintered at 1373 to 1673 K for 10 h in air.  
2.2. Characterization 
The powdered samples were characterized by means of an X-ray diffraction (XRD) (model : Multi 
Flex, Rigaku) with monochromated CuKĮ radiation. The lattice constant was determined from XRD 
peaks by a least square method, using Si powder as an external standard.  The unit cell free volume, 
which means a “free space” in the crystal, was estimated using the lattice constant and the ionic radii [5-
7]. 
Moreover, the thermal properties of the samples were measured by means of Thermogravimetry-
Diffential thermal analysis (TG-DTA) (model: TG8192, Rigaku) and Thermogravimetry-Mass analysis 
(TG-MS) (model : M-200QA) with the program model: Quand Vision ver.3 (Anerupa).  
Electrical conductivity and dielectric constant (İr’) were estimated from the impedance spectra by the 
ac two-probe method in the temperature range from 473 to 873 K under dry and humid Ar atmospheres.  
The humid Ar atmosphere was obtained by flowing Ar gas (80 cm3 min-1) saturated with water vapor at 
333 K.  The impedance analyzer (4192A LF, Yokogawa-Hewlett-Packard) was used for the electrical 
conductivity in the frequency range of 5 Hz to 13 MHz. The dimension of sintered disk for the ac 
conductivity measurement was about 10 mm in diameter and 1.0 to 1.5 mm in thickness.  For the all 
electrical conductivity measurements, Au electrode was attached to both sides of the specimen by 
sputtering for 60 second × 2 times. Kaleida Graph (Synergy Software) was used for the numerical 
calculation of the dielectric parameter. 
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3. Results and Discussion 
Figure 1 shows XRD patterns of Ba2(Zn1-xMx)2O6-į (M = W and Nb) systems, which were indexed 
according to a cubic NaCl-type double-perovskite-type structure with space group of Fm-3m (225) and a 
cubic perovskite-type structure with space group of Pm-3m (221), respectively. These lattice constants did 
not change monotonously by controlling the Zn/M ratio because ionic radius of W6+ (0.060 nm) or Nb5+ 
(0.064 nm) are almost same value as Zn2+ (0.074 nm). It should be noticed that the samples obtained did 
not showed a normal orthorhombic brownmillerite-type structure, even if the chemical composition has a 
brownmillerite composition. One of the present authors has reported previously that the orthorhombic 
brownmillerite phase transformed to a cubic phase in the composition ranges, 0.3̰x̰0.5 for Ba2(In1-
xGax)2O5 and 0.2̰x̰0.5 for Ba2(In1-xAlx)2O5 systems [8]. The occurrence of perovskite structure may be 
originated from the disordering of tetrahedral and octahedral sites in the brownmillerite structure. 
However, the occurrence of NaCl-type phase was firstfound in the present study [9]. Only when Zn was 
used as one of the B site ion, the single phased samples were obtained, because the Zn2+ preferred the 
tetrahedral coordination, as seen in ZnO.  
 
 
The new materials showed remarkable weight loss in the TG-DTA experiments as shown in Fig. 2. 
Three steps in the weight loss were observed: the first step occurred in the temperature range from R.T. to 
500 K, the second one at about 800 K, and the third one occurred in the range from 1100 to 1300 K. On 
the other hand, the weight increased gradually with increasing temperature in the range from 500 to 1100 
K. It should be noted that the weight loss in the low temperature range increased in proportion to the 
oxygen vacancy concentration. The TG-MS analysis revealed that the weight loss of the first and second  
steps were due to desorption of H2O and that of the third step was due to that of CO2. Figure 3 shows the 
weight loss of H2O and CO2 as a function of oxygen concentration. The amounts of H2O desorption were 
about twice as compared to those of CO2. Furthermore, the desorption of H2O and CO2 increased with 
increase in oxygen vacancies.  
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We expected that the adsorption of H2O can contribute to ionic conduction, especially proton 
conduction. Figure 4 and 5 represent Arrhenius plots of the electrical conductivity for Ba2(Zn1-xMx)2O6-į 
(M=W and Nb) systems respectively, where the electrical conductivities in dry and humid Ar 
atmospheres were measured in the cooling process from the high atmosphere. The electrical conductivity 
in humid Ar exhibited the higher value than that in dry Ar at below 823 K, suggesting that Ba2(Zn1-
xMx)2O6-į (M=W, Nb) are proton conductors. It should be noted that the electrical conductivity has a close 
relation to the H2O adsorption behavior, that is, the conductivity showed the sharp increase below the 
H2O desorption temperature of 773 - 823 K observed in the TG-DTA experiments. Next, we measured 
the electrical conductivity in the dry atmosphere in order to clarify the contribution of adsorbed H2O in 
the crystal lattice to the conductivity in the heating process from 573 to 853 K. Figure 6 represents 
Arrhenius plots of electrical conductivities in the heating and cooling processes between 573 and 873 K 
in dry atmosphere. In spite of the measurement in the dry atmosphere, the conductivity in the heating 
process was higher than that in the cooling process. This fact suggests that the electrical conductivity has 
a close relation with not only the humid atmosphere, but also the adsorbed H2O in the crystal lattice. 
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Then, we investigated the electrical conductivity in D2O humid Ar atmosphere. Figure 7 represents 
Arrhenius plots of two kinds of electrical conductivity in the H2O and D2O humid Ar atmospheres for 
Ba2(Zn0.7W0.3)2O5. The electrical conductivity in the D2O humid atmosphere was lower than that in the 
H2O humid atmosphere. Therefore, it was confirmed that Ba2(Zn1-xMx)2O6-į (M = W, Nb) systems are 
proton conductors.  
 
 
In order to clarify dynamics of ion, we have applied the dielectric measurements to the oxide-ion and 
proton conductors. Dielectric constant (İr’) was observed as a function of frequency by the two-prove 
method in temperature range of 874 to 473 K in in dry and humid Ar atmosphere. Figure 8 shows the 
frequency dependence of İr’ in dry and humid Ar atmospheres, where two type dielectric relaxations were 
observed. The dielectric constant (İr’) can be given by Eq. (1), 
 
    
 
where Ȧ is the angular frequency (=2ʌf, f: frequency), Ĳi is the dipole relaxation time, İr(0) and İr  are the 
low and high frequency limit of dielectric constant for the Debye-type polarization. İr(0) is defined as the 
dielectric constant due to the interfacial polarization at low frequency limit. Frequency exponent (s) is 
introduced to generalize a function of frequency. The first two terms of the right side in Eq. 1 represent 
the Debye-type dispersion, and the third term does the function which is proportional to the inverse of 
frequency. The detail explanation of Eq. 1 is given elsewhere [10-11]. 
The typical example of curve fitting for İr’ at 773 K is shown in Fig.9 and the dielectric parameters 
estimated are summarized in Table 1. Kato et al. [12] reported that dielectric constant of typical proton 
conductor BaCe1-xYxO3-į. They proposed that the proton conduction occurs due to the incorporation of O2- 
of H2O into the oxygen vacancies, resulting in the depression of the Debye-type dipole moment (YCe’ – 
Vo埛埛)埛. In this study, it is also speculated that the dielectric relaxations observed originate from the 
dopant-oxygen vacancy associate. The Debye-type polarization observed in humid Ar atmosphere was 
smaller than that in dry Ar at 873 K. It suggests that the depression in the Debye-type dipole moment and 
the increase in the interfacial polarization due to the incorporation of H2O in the lattice have a close 
relation with the proton conduction. However, the Debye-type polarization observed in humid Ar 
atmosphere was larger than that in dry Ar below 773 K. Because these samples have contributed to the 
conduction of H2O adsorption in the crystal lattice below 823 K. On the other hand, the Debye-type 
polarization of a typical proton conductor shows a depression in the external atmosphere. Therefore, it 
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included that the relaxation of this study have increased with the appearance of a new dipole by 
adsorption of H2O. 
 
 
4. Conclusions 
In this study, we tried to synthesize perovskite- to brownmillerite-type compounds, Ba2(Zn1-xMx)2O6-į 
(M = W, Nb), where the oxygen vacancy concentration can be controlled by the Zn/M ratio. The 
materials with M = W and Nb were successfully indexed according to cubic double-perovskite- and cubic 
perovskite-type structures, respectively. 
These new materials contained both large amount of H2O and small amount of CO2. The amount of 
H2O may be contributed to electrical conductivity. These materials were found to be excellent proton 
conductors, where the absorbed H2O contributes the proton conductivity.  
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Frequency dependence of dielectric constant (İr’) was investigated. The Debye-type polarization which 
were assigned to defect associates, (Vo̤-ZnW’’’’)̤ and (Vo̤-ZnNb’)垸 were depressed at 873 K in humid 
atmosphere. Below 823 K, the Debye-type polarization was increased in the cause of adsorbed H2O in the 
crystal lattice. 
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